Background: Nitric oxide (NO) has frequently been
Introduction
Since the discovery of nitric oxide (NO) as a biologically active molecule, NO has been found produces NO for long periods of time (1, 2) . This high-output synthesis of NO participates in inflammatory and autoimmune-mediated tissue destruction (3) . Besides mediating direct cytotoxicity, a regulatory and immunosuppressive role for NO at higher concentrations has been reported (4) (5) (6) , as has the observation that macrophage-derived NO suppresses mixed lymphocyte reactions (7) (8) (9) (10) . These findings are in agreement with the observation that in a variety of diseases in which high-output NO synthesis is known to occur, concomitant immunosuppression occurs (11) .
Transcriptional activation of the interleukin-2 (IL-2) gene and IL-2 secretion are essential steps for T cell proliferation and differentiation. Recently it has been shown that exogenously added NO inhibits IL-2 protein secretion in T lymphocytes (12) (13) (14) (15) (16) as well as the IL-2 promoter activity of lymphocytes in a reporter gene assay (14) . In lymphocytes, IL-2 gene expression is regulated through a transcriptional enhancer region to which binding of both ubiquitous (NF-KB, AP-1) and lymphocyte-specific (Oct-2, NFAT-1, TCF) transactivating factors has been described (17) . In addition, the murine IL-2 promoter contains a zinc finger protein binding region (ZIP), which serves as a binding site for two zinc finger proteins, the constitutively expressed transcription factor Spl and the inducible early growth response protein EGR-1, both of which contain three well-characterized Cys2His2 zinc fingers (18) . Zinc finger proteins are members of a large class of DNA binding proteins acting as transcription factors in modulating gene expression (19) . In the human IL-2 promoter, the ZIP site serves as an activator for IL-2 gene expression, and its combination with the NFAT binding site is required for maximal IL-2 promoter activity (20, 21) .
We have previously shown that NO inhibits the DNA binding activity of the zinc finger transcription factor LAC9 in yeast nuclear extracts (22) and that of nuclear receptors (23) , and that exogenously added NO results in cytoplasmic and, more importantly, nuclear zinc release in mammalian cells (24) . Here (20, 21) . EGR-1 and NFAT concensus oligonucleotides were synthesized by BioSource (Ratingen, Germany). S-nitrosocysteine (SNOC) was synthesized as described previously (25) . (25. 000 cpm) was added and the incubation was continued for 30 min. Protein-DNA complexes were resolved on 5% nondenaturating polyacrylamide gels at room temperature in 0.5 X TBE (45 mM Tris, 45 mM boric acid, 1 mM EDTA, pH 8.3). Gels were dried and exposed to a Fuji MP2040S imager screen for 2 hr.
Results
Inhibition of IL-1(3-Dependent IL-2 mRNA Expression by NO The murine lymphoma cell line EL4-6. 1 expresses IL-2 following activation by IL-1 f3 (30) . We investigated the effect of NO on the IL-1if-driven IL-2 mRNA expression in these cells and compared the effects obtained with those using H202 in the same system. As a source for NO, we used the spontaneous NO donor S-nitrosocysteine (SNOC).
To rule out the possibility that altered gene expression was due to onset of necrosis or apoptosis, the critical concentrations of both SNOC and H202 were first determined. Lymphocytes were screened 6 or 24 hr after addition of NO or H202, respectively, using fluorescence microscopy and the DNA stain Hoechst 33342. Apoptosis was clearly identified by chromatin condensation and/or fragmentation of cell nuclei. (Fig. 6A) . Near complete inhibition of the DNA binding activity of Spl was found after treatment of the recombinant protein with 2 mM of SNOC, whereas 2 mM of SNOC-No had no effect. Similar results were found using PAPA/ NO, another spontaneous but chemically unrelated NO donor. Experiments using the zinc finger transcription factor EGR-1 showed comparable results (not shown).
NO Affects DNA Binding Activity of Nuclear Spl Next we investigated whether NO applied to the total nuclear protein extracts affects the DNA binding activity of endogenous Spl. To determine this, nuclear extracts from IL-1 3 activated EL4-6. 1 lymphocytes were prepared. Gel shift assays with an oligonucleotide representing the ZIP site of the murine IL-2 promoter showed a single retarded band (Fig. 6B ). This band seems to represent a single nuclear protein, as antibodies specific for Spl, but not for EGR-1, induced a supershift (not shown). This suggests that in IL-1 ,-activated murine EL4-6.1 lymphocytes, Spl may play a dominant role as single transcription factor in IL-1(3-dependent IL-2 mRNA expression. We therefore focused on Spl to characterize the role of NO on transcription factor activity. Gel shift assays of whole nuclear extracts treated with SNOC for 30 min revealed that the DNA binding activity of Spi was inhibited in a concentration-dependent manner, whereas SNOC-No had no effect (Fig. 6B) (12) . However, in these experiments, IL-2 synthesis was already maximal in the isolated lymph node cells and under these conditions, NO-mediated inhibition of IL-2 will not occur.
It appears that the transcription factor Spl is susceptible to redox changes, as in vitro treatment with very high concentrations of H202 (10-20 mM) has been reported to inhibit Spl DNA binding activity (31, 32) . By using the Zn2+ complexing protein metallothionein as a model for zinc sulfur complex-containing proteins, we previously demonstrated that NO will nitrosylate cysteine SH-groups and thus induce metal release from metallothionein (22) . We show here for the first time that NO inhibits the DNA binding activity of a zinc finger transcription factor in cells and we propose that S-nitrosylation of cysteine SH-groups mediates Zn2+ release from Spi, resulting in a conformational change in the Spl zinc finger binding domain. This hypothesis is further supported by our previous finding that in living cells, NO will rapidly increase the pool of labile Zn2+, especially in nuclei (23) . Furthermore, we observed a substantial difference between nitrosative and oxidative stress. The finding that NO affects IL-2 mRNA expression only when cells are treated with SNOC prior to or simultaneously with IL-113 activation but not when treated 30 min after the IL-1i3 stimulus demonstrates that NO is active during the induction phase of transcription only. Our results indicate that once the transcription factors have bound, NO will not interfere with DNA binding and transcription, which suggests that in the DNA-protein complex, the zinc finger structure is stabilized and/or inaccessible for NO.
The ZIP site of the IL-2 promoter is a binding site for the zinc finger proteins Spl and EGR-1. Following stimulation of human lymphocytes by phorbol 12-myristate 13-acetate (PMA), gene reporter assays with the human IL-2 promoter construct including a ZIP site revealed a synergistic interaction between EGR-1 and NFATc (20, 21) . Recombinant EGR-1 binds weakly to the ZIP site of the murine IL-2 promoter (not shown). However, it appears likely that this element also interacts with the adjacent NFAT binding site to regulate IL-2 gene expression.
In addition to its demonstrated effects on Spl and EGR-1, NO will act on other transcription factors as well. NO has been shown to inhibit the activation of the transcription factor NF-KB via induction and inhibition of proteolytic degradation of its inhibitor IKBa (33) and to inhibit the DNA binding activity of NF-KB (34,3 5) as well as that of AP-1 (36) . Because the IL-2 promoter contains binding sites for these two transcription factors (17) , NO- mediated immunosuppression, as demonstrated here by the inhibition of IL-2 gene expression, likely represents a concerted action of NO on all four transcription factors. However, the DNA binding activity of recombinant NFATc was not found to be affected by NO, probably because of the lack of cysteine residues essential for DNA binding (37) . But through interactions with the neighboring ZIP site, onset of IL-2 gene expression might be impaired, especially with the physiological stimulus IL-1O, which is relatively weak compared to ionomycin and/or PMA, which are usually applied in reporter gene assays.
In conclusion, inhibition of the DNA binding activities of transcription factors such as the zinc finger proteins Spl and EGR-1 appears to be a molecular mechanism for the inhibition of IL-2 gene expression by nitrosative stress and may at least in part explain the immunosuppressive effects of NO. Understanding the molecular events at work in NO-mediated immunosuppression will help us to exploit this naturally occuring mechanism to achieve suppression of unwanted immune reactions.
